Introduction 1
During sexual reproduction, generation of haploid gametes from diploid germ cells 2 involves substantial reorganization of chromosomes within the nucleus and formation of 3 specialized meiosis-specific chromosome structures. In preparation for segregating to 4 opposite poles at the meiosis I division, homologous chromosome pairs align along their 5 full lengths and assemble a structure known as the synaptonemal complex (SC) 6 between them. The SC structure is composed of axial elements that assemble along the 7 lengths of conjoined pairs of sister chromatids (known as lateral elements (LEs) in the 8 context of assembled SC), and a set of proteins that comprise the central region (CR) of 9 the SC that link the parallel-aligned homolog axes (reviewed in CAHOON and HAWLEY 10 2016). Multiple SC-CR proteins function together to span the distance between the LEs 11 and are required for normal meiosis all organisms that assemble the SC. Although, the 12 collective properties of the SC-CR and its constituent proteins and the way these 13 proteins contribute to a successful outcome of meiosis remains a subject of active 14
investigation. 15
In the current work, we investigate the function of the SC-CR proteins during 16 meiosis in the nematode Caenorhabditis elegans. Four different components of the SC-17 CR have been identified in C. elegans, termed SYP-1, SYP-2, SYP-3 and SYP- 4 18 (synaptonemal complex protein). These proteins localize between the LEs of the SC 19 and are interdependent for localization and stability (SCHILD-PRUFERT et al. 2011) . 20
Analysis of syp mutants has demonstrated that the SYP proteins are required both to 21 stabilize homolog pairing between homologous chromosomes and to promote the Gonads from adult worms at 18-24 hours post-L4 stage were dissected in 1x egg buffer 7 with 0.1% Tween on VWR Superfrost Plus slides, fixed for 5 min in 1% 8 paraformaldehyde, flash frozen with liquid nitrogen, and then fixed for 1 minute in 100% 9 methanol at -20°C. Slides were washed 3 x 5 min in 1x PBST and blocked for one hour 10 in 0.7% BSA in 1x PBST. Primary antibody dilutions were made in 1x PBST and added 11 to slides. Slides were covered with a parafilm coverslip and incubated in a humid 12 chamber overnight (14-18 hrs). Slides were washed 3 x 10 min in 1x PBST. Secondary 13 antibody dilutions were made at 1:200 in 1x PBST using Invitrogen goat or donkey 14
AlexaFluor labeled antibodies and added to slides. Slides were covered with a parafilm 15 coverslip and placed in a humid chamber in the dark for 2 hrs. Slides were washed 3 x 16 10 min in 1x PBST in the dark. All washes and incubations were performed at room 17 temperature, unless otherwise noted. 2 µg/ml DAPI was added to slides and slides were 18 subsequently incubated in the dark with a parafilm coverslip in a humid chamber. Slides 19 were washed once for 5 min in 1x PBST prior to mounting with Vectashield and a 20 x 20 40 mm coverslip with a 170 ± 5 µm thickness. Slides were sealed with nail polish 21 immediately following mounting and then stored at 4°C prior to imaging. For structured 22
illumination microscopy imaging (SIM), slides were made as described above with the 23 11 following modification. All SIM slides were mounted in Prolong Gold (ThermoFisher, 1 P36930) and left to harden at room temperature for 2-3 days prior to imaging. All slides 2 were imaged (as described below) within two weeks of preparation. The following Imaging. Immunofluorescence slides were imaged at 512 x 512 pixel dimensions on an 10
Applied Precision DeltaVision microscope with a 63x lens with 1.5x optivar. Images 11
were acquired as Z-stacks at 0.2 µm intervals and deconvolved with Applied Precision 12 softWoRx deconvolution software. For quantification of GFP::COSA-1 foci, nuclei that 13 were in the last 4-5 rows of late pachytene and were completely contained within the 14 image stack were analyzed. Foci were quantified manually from deconvolved three-15 dimensional stacks. For quantification of chiasmata and visualization of chiasmata, 16
individual chromosomes from a single diakinesis nucleus were cropped and rotated in 17 three dimensions using Volocity three-dimensional rendering software. Images shown 18 are projections through three-dimensional data stacks encompassing whole nuclei, 19 generated with a maximum-intensity algorithm with the softWoRx software. 20
For SIM, slides were imaged at 2430 x 2430 pixel dimensions on a Zeiss ELYRA 21 S.1 / LSM 880 microscope with a Plan Apochromat 63x (1.4 NA) oil lens. Images were 22
acquired as a Z-stack at 0.110 µm interval with 3 rotations and were processed using 23 12 the Zeiss ZEN software for both SIM reconstruction and channel alignment (alignment 1 calibration based off 100-nm TetraSpeck beads from ThermoFisher). Maximum-2 intensity projections were generated using FIJI (NIH). Images were adjusted for 3 brightness and contrast. Figure S1A shows localization 9 of COSA-1 and MSH-5 in him-3, htp-3 and rec-8 mutants. Figure S1B shows 10 localization of COSA-1 and ZHP-3 in rec-8. Figure S2 shows the localization of RAD-51 11 
CO-promoting proteins co-localize to DSB-dependent events in late pachytene of 17 mutants lacking synaptonemal complex central region proteins 18
Crossing over between homologous chromosomes during C. elegans meiosis is 19 dependent on the SYP proteins, encoded by the syp-1, syp-2, syp-3 and syp-4 genes. 20 ZHP-3) revealed that these pro-CO proteins nevertheless eventually become 2 concentrated together at several sites per nucleus during late prophase in mutants 3 lacking the SYP proteins ( Figure 1A) . In whole-mount preparations of wild-type gonads, intensity than those observed in wild-type or other mutant situations where SYP proteins 20 are present (see below). This decrease in intensity suggests that the CO-promoting 21 proteins may have a weak affinity for such repair intermediates, which is both directed 22
and strengthened by the presence of SYPs between homologs. Further, in contrast to 23 14 the highly reproducible number of COSA-1 foci (6 per nucleus) detected in wild-type, 1 numbers of COSA-1 foci observed in syp mutants are reduced and statistically different 2 from wild-type ( Figure 1B ; P<0.0001, Mann Whitney). 3
The colocalization of pro-CO factors at multiple chromosome-associated sites in 4 syp mutants is dependent on meiotic DSBs (Figure 2 ). Similar to the spo-11 single These observations in syp null mutants suggests that CO proteins have an 12 inherent capacity to associate with DSB repair events, and that SYP proteins serve to 13 constrain this activity both by limiting associations to appropriate interhomolog 14 intermediates and by strengthening correct associations. Together, these findings 15
indicate that meiotic chromosome structures collaborate to control the localization of 16 CO-promoting proteins: 1) SYP proteins dictate and restrict where CO-promoting 17 proteins can load; and, 2) correctly assembled chromosome axes restrict SYP proteins 18 to load only between paired homologs. These features promote formation of 19
interhomolog COs by ensuring that CO maturation occurs only in a productive manner, 20 between properly aligned homologous chromosomes. 
segments in mutants with limited synapsis 2
We examined localization of CO-promoting proteins and SYP-1 in late pachytene nuclei 3 from worms homozygous for partial loss-of-function mutations affecting chromosome 4 axis protein HIM-3 ( Figure 3 ; Figure S1 ). In the him-3(e1256) mutant, in which partial foci were also invariably associated with the limited SYP-1 stretches present in the him-14 3(me80) mutant, which exhibits extensive synapsis only for the X chromosomes and 15 only short stretches of synapsis on a subset of autosomes ( Figure 3A ). Similar to him-16 3(e1256), we similarly detected only a single COSA-1 focus associated with any given 17 SYP-1 stretch in him-3(me80) mutants. Thus, although our analysis of syp null mutants 18 indicated that pro-CO factors do have a capacity to associate with DSB repair sites 19 when SYP proteins are absent ( Figures 1 and 2 ), our analysis of COSA-1 foci in the 20 him-3(e1256) and him-3(me80) mutants suggests that when SYP proteins are present, 21 they constrain where COSA-1 will localize ( Figure 3 ). Additionally, in these mutants, 22
SYP-1 loads in stretches prior to the COSA-1 localization, thereby supporting the 23 16 conclusions with the syp mutants that the SYP proteins are directing where CO-1 promoting proteins can bind. Further, recent studies have shown that the SC-CR 2 proteins are preferentially stabilized on chromosomes containing CO or CO-like events Based on our results demonstrating that each stretch of SYP in the him-3(me80) mutant 10 usually receives a single COSA-1 focus along its length ( Figure 3A ) and that the 11 number of COSA-1 foci correlates with the number of eventual chiasmata ( Figure 3B ), 12
we provide further support to the original hypothesis posed that the occurrence of 13 double COs and two-chiasmata diakinesis bivalents in him3(me80) mutant is due to 14 discontinuous stretches SC assembly. 15
16

Localization of CO-promoting proteins tracks with SYP-1 stretches when 17 synapsis occurs incorrectly between sister chromatid pairs 18
We also examined localization of the CO-promoting proteins in a null mutant for rec-8, a In contrast to wild-type where SYP-1 is loaded between paired homologous 22 chromosomes, rec-8(ok978) null mutants inappropriately load SYP-1 between the 12 23 sister chromatid pairs ( Figure 4A ). When CO-promoting proteins were visualized in the 1 rec-8(ok978) mutant, CO-promoting proteins were detected along the SYP-1 stretches 2 in late pachytene nuclei ( Figure 4B ; Figure S1 ) and between condensed pairs of sister 3 chromatids in diplotene and diakinesis phase nuclei ( Figure 4D ). Interestingly, 99% of 4 rec-8 mutants localized COSA-1 to no more than 12 sites in each late pachytene 5 nucleus ( Figure 4C ). Further, ZHP-3 and MSH-5 similarly associate with COSA-1 foci 6 strongly suggesting that recombination occurs between sister chromatids in this mutant 7 ( Figure S1 ). 8
The numbers we observed for COSA-1 foci formation in rec-8(ok978) null 9 mutants is consistent with interference occurring along synapsed sister chromatid pairs. 10
As there are 12 pairs of sister chromatids in the rec-8(ok978) null mutants and we only 11 very rarely observe greater than 12 COSA-1 foci (0.8% of all nuclei), the average 12 homologous synapsis within the rec-8(ok978) null mutant, it is possible that these 19 partially synapsed sister chromatid pairs are being recognized as a signal "module" or 20 chromosome. Hence, interference, which is occurring along one set of sisters, may be 21 transmitted along the other set of sister chromatids to which the pair is partially 22 synapsed. Overall, these results further support the hypothesis that the SYPs may 1 serve as the scaffolding along which a signal may be propagated in C. elegans. 2 3
Connection of the sister chromatids at diakinesis in a rec-8 null mutant is 4 dependent on CO-promoting proteins 5
The localization of COSA-1 foci between condensed sister chromatid pairs during 6 diakinesis in rec-8 null mutants ( Figure 4D ) suggests a potential role for COSA-1 in 7 holding together sister chromatids. Moreover, the presence of COSA-1 between the 8 sisters at diakinesis in rec-8 mutants suggests that COSA-1 is marking a DSB-9 dependent event. Previous studies have shown that rec-8 null mutants will frequently 10 equationally separate the sister chromatids at the first meiotic division and that the sister To determine whether the localization of COSA-1 between condensed sister 16 chromatids in diplotene and diakinesis nuclei of the rec-8 null mutant was required to 17 hold sister chromatid together, we assessed the number of diakinesis bivalents in rec-8, 18
cosa-1, and cosa-1; rec-8 double mutant ( Figures 5A and 5B ). Similar to previous 19 studies, we found that both rec-8 and cosa-1 null mutants displayed on average twice 20 as many DAPI-staining bodies at diakinesis as wild-type indicating that the CO 21 The striking chromosome fragmentation defects in the rec-8; syp-2 double 12 mutant suggest that the chromosomes may need to be associated with a partner to 13 initiate DSB repair. Since we were able to observe regions of desynapsis ( Figure 4A) in 14 rec-8 mutants, we examined whether DSBs accumulate in these regions. While the 15 initial repair of DSBs by the loading and off-loading of RAD-51 looks similar between 16 rec-8 and cosa-1; rec-8 mutants ( Figure S2 ), RAD-51 accumulated in both mutants on 17 chromosome stretches where SYP-1 had not loaded ( Figure 5C ). While the percentage 18 of nuclei without SYP-1 do not correspond to the percentage of nuclei with fragments, it 19
is possible that we are not able to detect all the chromosome fragments with DAPI. 20
Thus, these data suggest that DSB repair requires the SC-CR proteins to promote 21 partner association. In the absence of the SC-CR, cohesion remains intact and likely 22 enables enough partner association to allow for DSB repair with the sister chromatid. 23 20 However, in the absence of both the SC-CR and cohesion partner associations, DSBs 1 are unable to repair resulting in chromosome fragmentation. 2 3
CO-promoting proteins associate with SYPs even in the context of aggregates 4 that form in null mutants lacking meiotic chromosome axis components 5
In addition to CO-promoting proteins preferentially associating with SYP stretches in the 6 context of limited or inappropriate synapsis, we also found that CO-promoting proteins 7 associate with SYP-1 even when SYPs are unable to load onto chromosomes, instead 8 forming aggregates ( Figure 6 ; Figure S1 ). In null mutants for the lateral elements HTP-3 9
and HIM-3, SYP proteins are unable to load onto chromosomes and instead form an in the him-3 null mutant, late pachytene nuclei typically contain a single elongated SYP-12 1 aggregate ( Figure 6A ). In the htp-3 null mutant, late pachytene nuclei contain one or 13 sometimes two aggregates per nucleus ( Figure 6A ). In both of these null mutants for 14 him-3 and htp-3, we observe CO-promoting proteins associated with the SYP aggregate 15 ( Figure 6A ; Figure S1 ). Further, in most cases, only a single COSA-1 focus is 16 associated within a given SYP-1 aggregate ( Figure 6A ). Additionally, recent data show 17 that the pro-CO factors ZHP-3 and COSA-1 also localize to these SC aggregates as a 18 single focus (ROG et al. 2017 ), suggesting that COSA-1 has a strong tendency to 19 associate with SYP-1 and that the ability to limit COSA-1 foci to a single site on a given 20 SYP-1 structure is retained even when the SYP proteins are concentrated in a non-21 chromosomal location. 22
21
In the context of these meiotic chromosome axis mutants, the restriction of CO-1 promoting proteins to a single site per nucleus is dependent on the SYP proteins. In 2 contrast to the him-3(gk149) null mutant, we found that in the him-3; syp-2 double 3 mutant, CO-promoting proteins localize to multiple chromosome-associated sites in late 4 pachytene nuclei ( Figure 6B) , similar to the syp-2 single mutant (Figure 1 ). This finding 5
suggests that aggregation of SYP proteins to a single site preferentially stabilizes the 6 association of CO-promoting factors and constrains them to colocalize together with 7 SYP-1 in a single compartment. When this constraint is released, the CO-promoting 8 factors are free to localize together at DSB-dependent chromosomal sites. 9
10
Partial depletion of SYP proteins results in an increased number of COSA-1 foci 11 along a SYP-1 stretch 12
In previous work, we showed that partial depletion of the SYP proteins results in an 13 increase number of COSA-1 foci and attenuates CO interference, implicating the SC 14 central region in limiting and constraining CO numbers (LIBUDA et al. 2013) . In our 15 current work, we found that partial depletion of SYP-1 similarly resulted in increased 16 occurrence of SYP-1 stretches with greater than 2 COSA-1 foci in the him-3(e1256) 17 partial loss of function mutants (Figure 7) . In 14% of control RNAi treated him-3(e1256) 18 nuclei, we observe two COSA-1 foci along a SYP-1 stretch. Upon syp-1 partial RNAi 19 treatment, the number of SYP-1 stretches with greater than two COSA-1 foci 20 significantly increases to 41%. Notably, only continuous stretches of SYP-1 were 21 counted, therefore if a single chromosome had two discontinuous stretches of SYP-1, 22
then it was counted as two separated stretches of SYP-1. Quantitation of COSA-1 foci 23 22 along entire individual chromosomes was not possible as the asynapsed chromosomes 1 in him-3(e1256) made resolving individual chromosomes difficult. As several 2 chromosomes appeared to have discontinuous stretches of SYP-1 upon syp-1 partial 3
RNAi, 41% is likely an under-estimate of the actual number of COSA-1 foci along a 4 single chromosome. Further, partial depletion of SYP-1 in the rec-8(ok978) null mutant 5 background also resulted in the frequent occurrence of SYP-1 stretches harboring two 6 COSA-1 foci, even while reducing the fraction of chromosomes associated with SYP-1 7 stretches (Figure 7) . Together, our data reinforce the suggestion that the SC central 8 region functions in regulating CO numbers and distribution. 9
Concluding remarks 11
The use of immunofluorescence of the CO-promoting proteins in various meiotic 12 chromosome structure mutants allowed us to visualize how various components of the 13 SC influence CO-promoting protein localization and function. Our data indicate that that 14 CO-promoting proteins have a capacity to localize to DSB-dependent events outside of 15 the context of the SC, but that this inherent affinity for DSB events is constrained by the 16 location of the subunits of the SC central region (SYP proteins). How the SC central 17 region proteins physically interact at the molecular level with the CO-promoting proteins 18
to direct their localization may be determined by futures studies investigating the 19 structure of these proteins. and COSA-1 foci are much more abundant than in wild-type. Scale bar represent 5 μm. 
